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Abstract ever, this requires that the base station is line of site with every
station in the network, which limits the utility of this protocol.
The Group Allocation Multihop Multiple Access (GAMMA) pro-  The Multiple Access Collision Avoidance (MACA) protocol [9]
tocol is presented,; this protocol schedules data traffic over a muttempts to solve the hidden terminal problem by using a Request
hop, multi-channel, wireless network. GAMMA provides excellemp Send (RTS) / Clear To Send (CTS) message exchange. MACA
performance and remains stable under all network load levelsdayes not use carrier sensing because carrier sensing does not pro-
dividing the channel into cycles; each cycle is composed of a coyitte information on the state of the channel at the destination node.
bination of contention and data slots. Every station in the netw@®kscently, floor acquisition multiple access (FAMA) protocols [5]
has a unique channel for receiving data. Each station maintaing@e been proposed to allow for the collision-free transmission of
set of stations called the “transmission group”, only membersgicket trains. FAMA protocols require a successful two-way hand-
this group are allowed to transmit data collision-free to the statisitake between sender and receiver before the sender transmits any
maintaining the group. data, the sender transmits a RTS packet and waits for the receiver
to respond with a CTS packet before sending its data packet.The
] handshake ensures that all stations agree to listen for the sender’s
1 Introduction data packets, i.e., it allows the sender to acquire control of the chan-
nel (called the floor). This is a form of dynamic channel reser-
Existing media access control (MAC) protocols can be divided iRjgtions, but it cannot provide stability under high loads because
two groups: contention-based and contention-free. A contentigfitions must contend for the floor each time they transmit a data
based protocol such as CSMA [10, 14] requires a station to CQ¥gcket or packet train. Other protocols such as [2, 3, 4, 7, 17] use
pete for control of the transmission channel each time it sendsogne form of an RTS/CTS exchange to control the channel.
message; this strategy is very efficient when the network load iseveral reservation based protocols have been proposed such as
low. However, as the traffic level rises, it becomes increasingj){ 13, 8, 11, 12] which provide stability at high load levels, and
difficult to transmit data as stations prevent each other from talicient service at low load levels. Resource auction protocols, i.e.
ing control of the channel; this causes the average delay to g{w12] require a significant amount of overhead for each auction
rapidly. Consequently, contention-based schemes cannot progigieod and are difficult to implement. On the other hand, PRMA
stability under heavy network loads. Many contention-free prog; is relatively easy to implement but uses a fixed frame length
cols have been proposed; these protocols, which use polling, tak@th can lead to starvation if the number of active stations is large,
passing or reservations, our stable under heavy loads, but are;agtPRMA uses a data packet to make a channel reservation which
efficient under light loads. is inefficient in case of an unsuccessful reservation. These proto-
We describe and analyze a MAC protocol that we call “Grois all require a base station, and do not operate in a network with
Allocation Multihop Multiple Access” (GAMMA) which is de- hidden terminals. In contrast, GAMMA does not use a base station
signed for use in an ad-hoc wireless network operating in urid uses multiple channels to ensure collision-free data transmis-
censed bands and using commercial radios. In such networkssiBfs in a network with hidden terminals. Also, GAMMA does not
base station can be used to implement polling, and because statiggg a single point of failure, i.e. a base station, and it is able to
move in and out of the network, it is difficult to implement tokefunction correctly in any ad-hoc network.
passing. Consequently, most ad-hoc networks use a contentiofyy section 2 we describe GAMMA in detail; section 3 presents
based protocol for controlling channel access, and therefore, fieethroughput and delay of our simulation of GAMMA, and sec-

not stable under all conditions. tion 4 offers some concluding remarks.
The most difficult problem associated with ad-hoc networks is

that of “hidden terminals” [18]; hidden terminals exist when two

or more stations can communicate with a third station, but notwigh  Protocol Description

each other. Several approaches have been used to solve this prob-

lem. The Busy Tone Multiple Access (BTMA) protocol [18] diGAMMA is designed to operate in an ad-hoc wireless network with
vides the transmission channel into a busy-tone channel and a mestiple transmission channels. It is hot necessary for the network
sage channel. BTMA uses a base-station to transmit a busy-torige fully connected; consequently, “hidden terminals” may exist.
signal for as long at it senses carrier on the message channel. Heaeh station in the network listens to a unique channel; any trans-



missions to a station must be sent on this channel, and acces2.® Group Admission

the channel is controlled by the station. GAMMA does not plac? b itted ari . h .
any restrictions on the physical layer, i.e., a transmission charfhéf! @ message to be transmitted arrives at a station, the station

may be: a dedicated frequency, a unique code, or a distinct hopﬁi}ﬁ@t join the destlnauon’s_ trgnsr'mssmn group, _the station trans-
sequence. mits an RTS (on the destination’s channel) during the next con-

. o . . tention slot. If the destination receives the RTS, it responds with a

Every station maintains a set of stations called the “tranSmis{ofg \yhich signifies that the source of the RTS has been admitted
group”; only members of this group are allowed to transmit datgjf, the transmission group. Both the RTS and the CTS contain in-
the station. Once a station is a group member, itis able to trangiif tion on their source’s cycle, e.g. the number of data slots, and
data collision-free until it no Ipnger has ‘?'at? to send. A s-tat.ion Wiithich data slots are unallocated; this information is used to deter-
a message to send must join the destination’s transmission gralR, \yhich data slot should be used to transmit/receive data. The
before it transmits data. Likewise, before a station receives dgffination may not receive the RTS for one of two reasons, either
the source must first join the station’s transmission-group. another station transmits an RTS during the same slot (causing a
collision of RTSs), or the destination transmits an RTS on another
stations channel, i.e. it is not listening to its own channel. In either
case, the station transmitting the unsuccessful RTS backs-off, and
attempts to retransmit at some random point in the future.

Each transmission channel is divided into a series of cycles, an§Oth the source and the destination compare the cycle informa-

a cycle is composed of a variable number of slots. There are £g§ In the RTS/CTS to information on their own cycle, in order to
types of slots, contention and data. During a contention Sbtg%lermine which slot to use for transmitting/receiving data. Once a

station with a message to send uses an RTS/CTS message excﬁéqu%assigned to a connection, it is critical that the source and des-

to gain membership in the destination’s transmission group. WHEW,'O” maintain synchronization around this slot; therefpre, both
a station is admitted into this group, it is assigned a data slot whitAtions must have the same cycle length for the duration of the
it can use for as long as it has data to send. It should be noted §R&nection. The cycles do not have to be aligned, i.e. start and
a station may either send or receive during a data slot; as we \‘R/ﬂp at the same time; however, if their lengths are not identical, the

explain later in this section, a data slot may also be unallocated. /€S Will shift, and the slots allocated from both the source and
example transmission channel is shown in fig. 1. destination’s cycles will no longer be aligned. Consequently, the

stations will not able to exchange data.

Because the numper of data slots per cycle dgpends_ upon "fihe source and destination’s cycle length are not the same, then
number of statu_)ns with data to trapsmn.to the station maintain station with the shorter cycle must add additional data slots. Af-
the .cyclle, the size of the.cycle varies W't.h Fhe volgme of netw the successful RTS/CTS exchange, the stations process each of
trafhc directed "’.“ the station. Therefore, it is possible for two sﬁéir data slots once, and then add the new data slots (if necessary).
tions to have different cycle lengths. Ip order fqr these statio S a part of processing each data slot, the station informs its mem-
to' complete an RTS/CTS exchange their contention slots musb Pstations thatitis adding data slots; this informationis contained
allgngd; .therefore, the number of data slots between con.ten} the header of either the data packet or the return acknowledge-
slots IS fed at some numb.qr If the number of data_ slots in 4ment. A station which recognizes that another station is increasing
cycle is less thag, then the interval between contention slots i fs cycle length, must increase its own cycle length in order to re-
cludes dat.a slots from multiple pycles. Consequently, the num fdin aligned. éonsequently, a ripple effect is produced, in which
of contention slots per cycle varies. an expanding circle of stations increase their cycle length.

If a station transmits data during a data slot, it sends informationrhere are three rules that a station uses to determine which slot
on its cycle in the header of each data packet; this information {§-assign to a connection.
cludes the number of data slots in the cycle, and which data slots
are unallocated. If a station receives data during a data slot, itsends 1. If the cycle lengths of both the source and destination

2.1 Cycle Structure

this same information in its acknowledgement of the data packet. are the same, i.e. they have the same number of data
slots, and they both have an unallocated data slot which
A Sape Transmisson Chamd is aligned with the other, then these unallocated slots are
chosen for the connection. An example of this is shown
New Cycle New Cyde New Cyde |n flg 2
[ contention Siot I Uraiocated Data Siot
[ RecoiveDatasior [ R— 2. The source and destination have different cycle lengths,
but at least one of the unallocated or additional slots
Figure 1: GAMMA: In this example there are five data slots in a from the shorter cycle is aligned with an unallocated slot
cycle; however, the interval between consecutive contention slots is from the longer cycle. In which case the unallocated slot
six. Because of this difference, the number of contention slots per from the larger cycle is chosen. Fig. 3 shows an appli-
cycle varies; the first cycle does not have a contention slot while cation of this rule.

the second cycle has one. A data slot may be used to transmit or 3

. ; . There are no unallocated slots in the longer cycle which
receive data or it may be unallocated.

are aligned with an unallocated or additional (if one of
the cycles had a shorter length) slot in the shorter cycle,



Slot Assignment: Rule 3

as in fig. 4. In this case, the station with the longer
cycle adds an additional slot. This additional slot (from

the longer cycle) is guaranteed to be aligned with one of Bm! ] Nevose Newoyde

the new slots in the shorter cycle, and so is chosen as
the slot for use by the connection. Note that the shorter o Ny cwsds o Naycye
cycle must be increased by an additional slot in order to [ conentionsia [ T r—
maintain synchronization. [ ] ReceiveDaasit [ R,

The three rules are applied in order with the slot being chodégure 4: GAMMA: Rule 3 is used to determine the slot assign-
by the first rule which finds a match. The slot is determined byent for this example. As in the previous figure, station A has 5
both stations independently. Because both stations have curséats per cycle, and station B has 3. Also, station A does not have
information on the other station’s cycle, each will decide upon thay unallocated slots, which means that station A must add an ad-
same slot. ditional slot in order to receive data from station B. Consequently,
Station B must add 3 slots in order to be synchronized with sta-
tion A. One of these additional slots is guaranteed to be aligned
with station A's additional slot; in this case, slot 4 is aligned, and is
allocated for transmitting data to station A.

Slot Assignment: Rule 1

Channel A | gou1 Soi2  Sot3 Sot4 Sots | St S0tz So3  Sotd Slots

[ contention Slot I uralocated Data Siot

[ ReceiveDataSiot I Trensmit DataSlot
- > GAMMA: Thi le sh licati £ rul GAMMA includes an additional flag in the header of each
1|ggre - B d ' |;Tesxamp €s OVE ar;} app |Icat|0dn ot ru 8ata/acknowledgement packet which informs a station when it is

) tat(ljon : ﬁen CSTZn h on statlor;] N CI an;e ' ag ;tat'oré@te to reduce its cycle length. This flag is set in each transmis-

responds with a on the same channel. Since bot S@QEE if either a station does not have an unallocated data slot, or
have the same 'cycle Iength, and unallocgted slot 2 from statpH e most recent data/acknowledgement packet it received from
and 4 from station B are aligned, no adcz!|t|onal slots are reqQuUIrgfly of its neighbors has this flag set. When a station exchanges
These slots are chosen for the connection, as can be seen i acknowledgement packets with another station, it will leave

second cycle in which slot 2 has been assigned to receive data,[ﬁg lag clear if the other station is its only neighbor without an

SlOt_ 4 has been aSS|gngd to transmit data}. These assignmentsy Al cated slot. For this flag to be clear, all of the inter-connected
maintained for the duration of the connection.

stations in the network must have at least one unallocated data slot.
If this flag remains clear for some predetermined number of cy-
St Assignment: Rue2 cles, a station will attempt to remove one data slot; following an
unallocated data slot, the station informs each of its neighbors via
data/acknowledgement packets that the unallocated data slot has
been removed.

New Cyde original Siot 2 original Siot3 New Cycle

] canenionsit [ After a station receives notification that one of its neighbors has
[ resvepaas I i atasio removed a data slot, i.e. that it has gone franto m — 1 data slots,
the station must also remove an unallocated data slot, and inform

Figure 3: GAMMA:! In this figure, rule 2 is used to choose a pair @& own neighbors of the change. However, it is not possible to re-
slots for a new connection. Station A has 5 slots per cycle, and gigve a slot until each neighbor has been informed because their
tion B has 3; therefore, station B must add two unallocated cycigdedule is based on a cyclemfslots. In order to maintain syn-
in order to maintain synchronization with station A. Before theg@ronization with the neighbor that initially shrunk its cycle, the
slots are inserted, each remote station must be informed thatstagon temporarily (for one cycle) removes that neighbor’s data
cycle length has increased. Therefore, the slots are inserted &ftal which ensures that every neighbor is aware of the change in
one pass through the cycle; this pass does not necessarily stafyd@é length, and that the station has only— 1 slots; thus, only
slot 1 (in this example it starts at slot 2). the station which initiated the removal of a data slot misses a data
slot, and all stations maintain their synchronization. In the follow-
ing cycle an unallocated slot is removed, and the neighbor is able
to use its slot again. Because a station misses data slots when it
initiates a cycle contraction, a station does not react too quickly to
When a station is notified by one of its neighbors that the cythe opportunity to remove a data slot. Instead, it waits for a spe-
length of the neighbor is increasing, the station must increasecifc number of cycles, which prevents the station from responding
cycle by the same amount, in order to keep its slot aligned with tbeshort-term fluctuations in the cycle length. It is possible that a
slot of the neighbor. The station informs each of the neighborstiation may assign its last unallocated slot while another station is
is connected to that it is also increasing its cycle length, and theattempting to shrink its own cycle; GAMMA handles this situation
adds new (unallocated) data slots. in the same way it does an expanding cycle.

2.3 Changing the Cycle Length
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A station maintains its membership in a transmission group for as °**| P SO repnbors
long as it has data to transmit. When a station is ready to leave o} | P 100 nlghbers -
a group, it informs the destination of its intent by setting a flag | | +

in the header of its data packet. Both stations mark the slot as [
being unallocated; this slot is then available for assignmenttoa *f /. = |
new group member. If a data slot is idle for some specified numbé:r P o
of cycles, the destination assumes that the source has failed, &nd_|

the slot is added to the pool of unallocated slots. f’ ) ;f
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3 Performance Results
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We show the throughput (for a single transmission channel) and av- &= ™ - . " m
erage delay of a simulation of GAMMA over a variety of network pverage Dely a2 o of Aral Rate
configurations. The capacity of the channel is 1 Mb/s, and the ar- ™[ = 7~ ‘ ‘
rival rate corresponds to the number of messages to be transmitted | 33nagmes - ,
that arrive at each station within single frame. The throughputis | newos - !
measured as the amount of data transmitted over a single chan-
nel. Because the target radios are half-duplex, the highest possible
throughput would be 0.5. _ o wf
Fig. 5 plots the throughput and delay of GAMMA as a functiong‘n :
of arrival rate; the size of a data packet is 200 bytes, and the aver- j x
age number of packets per message is 100. Each curve represents &' [ f ¥
different value for the maximum number of neighbors. For a given Eooy
arrival rate, when a station has more neighbors, the arrival rate of | i
RTSs to that station will also be greater. Consequently, at low ar- / o
rival rates, the throughput is higher for networks with more neigh- / o i
bors per station because it is more likely that a station will have at 0 —_—— =

0.01 0.1 1 10 100

least one member in its transmission group. However, because the Arial Rate

length of each cycle also increases, the average delay grows MH&re 5. A comparison of the throughput and average delay of

the nu.mber of neighbors. GAMMA for a variety of maximum number of neighbors.
In Fig. 6, we compare the throughput and delay of GAMMA for

a variety of message sizes. The maximum number of neighbors is

50, the packet size is 200 bytes, and the average number of pggktination during one of the contention slots. Once a station has
ets per message ranges from 20 to 1000. The graphs show tha§d@ successfully added to the transmission group, it can send data
throughput increases and the delay decreases as the averagecg\gsion-free during each cycle, until the message is complete.
sage size increases. When the number of packets per messaggéh a network is lightly loaded, GAMMA behaves much like
high, the average group size is increased because each succgssfyl. As the load in the channel grows, the cycle size increases
RTS reserves a position in the group for more cycles; as in figy$to a maximum, after which GAMMA becomes in effect TDMA,
the throughput increases as the group size increases. giving every station that is part of the transmission group a “slot”

in each cycle.
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4 Conclusion

We have presented a new channel access protocol for mlﬁieferences
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